The core of the eukaryotic helicase MCM is loaded as an inactive double hexamer 2 (DH). How it is assembled into two active Cdc45-MCM-GINS (CMG) helicases 3 remains elusive. Here, we report that at the onset of S phase, both Cdc45 and GINS 4 are loaded as dimers onto MCM DH, resulting in formation of double CMG (d-CMG). 5 As S phase proceeds, d-CMGs gradually mature into two single CMG-centered 6 replisome progression complexes (RPCs). Mass spectra reveal that RPA and DNA Pol 7 α/primase co-purify exclusively with RPCs, but not with d-CMGs. Consistently, 8 d-CMGs are not able to catalyze either the unwinding or de novo DNA synthesis, 9 while RPCs can do both. Using single-particle electron microscopy, we have obtained 10 2D class averages of d-CMGs. Compared to MCM DHs, they display heterogeneous, 11 flexibly orientated and partially loosened conformations with changed interfaces. The 12 dumbbell-shaped d-CMGs are mediated by Ctf4, while other types of d-CMGs are 13 independent of Ctf4. These data suggest CMG dimers as bona fide intermediates 14 during MCM maturation, providing an additional quality control for symmetric origin 15 activation and bidirectional replication.
MCM persists in the DH state upon the initial association of Cdc45 and GINS
Given that Cdc45 and GINS association is known to be capable of activating the 24 MCM helicase (Ilves et al., 2010), we first investigated the dimerization status of 25 MCM upon the initial recruitment of Cdc45 and GINS in more detail. To this end, an 26 extra copy of MCM4 with a 5FLAG epitope was introduced into a yeast strain whose 27 endogenous copy of MCM4 was tagged with a calmodulin binding protein (CBP). 28 This allowed isolation of a dimeric species of MCM through tandem affinity Assembly and segregation of dimeric CMGs during S phase 10 To further confirm the formation of dimeric CMGs, we prepared chromatin-bound 11 (CHR) and non-chromatin-bound (non-CHR) fractions from cells synchronized in G 1 12 (0 min) or released into S phase for 20, 30, 40, 50 or 60 min. To rule out possible 13 artifacts associated with the pair of tags used in Figure 1A , the dimeric form of MCM 14 was obtained by using a second set of affinity tags (FLAG and HA). MCM DHs, i.e., 15 double labeled FLAG/HA Mcm2-7 complexes, were detected exclusively in the 16 chromatin fraction ( Figure 1B) . The MCM DH already appeared in G 1 phase, before 17 release into S phase. However, no additional proteins were detected in the complexes 18 in G 1 . After release into S phase, other initiation factors including Dpb2 (a subunit of 19 DNA Pol ε), Cdc45 and GINS were first detected in the chromatin-associated MCM 20 complex after about 30 min release. The amounts of these initiation factors peaked at 21 ~40 min and was coincident with the decline in the level of the MCM DH ( Figure 1B) . 22 These results show that there is a bona fide dimeric CMG status before gradual 23 dissolution during S phase progression. 24 To further validate and characterize the different species of the MCM-containing 25 complexes during the cell cycle, we next subjected the FLAG peptide eluates from the 26 first immunoprecipitation (i.e. FLAG-IP) of the CHR fraction mentioned above on a 27 10-30% glycerol sedimentation/velocity gradient. In G 1 phase, only the MCM DH, 28 peaking at fractions 15-17, was detected (Figure 2A ). This fraction sedimented more 29 6 rapidly than a 669 kDa protein standard (fraction 13), identifying it as a double 1 hexameric MCM (theoretically 1211 kDa), as shown previously (Quan et al., 2015) . 2 When cells entered S phase after 30 min, the MCM-containing complexes appeared to 3 co-sediment with Cdc45 and GINS over a broader range. The peak of Cdc45 (fraction 4 15) coincided with the peak of MCMs in all time points. Although the separation is 5 not complete, it seems that there are two distinct populations of complexes, one 6 migrating in the lower part of the gradient relative to MCM DH (Figure 2A , fractions 7 10-13) and the other migrating at higher positions than MCM DH (fractions 18-21). 8 Notably, Mcm4-3HA tended to co-sediment with Mcm4-FLAG in the higher gradient 9 fractions, suggesting that this portion likely represents the dimeric CMG species 10 detected in Figure 1 . In agreement with this, Mcm10, an essential initiation factor 11 known to preferentially bind the MCM DH (Douglas & Diffley, 2016, Quan et al., 12 2015), primarily enriched in the higher density gradients (fractions 18-21) as well. 13 These results imply that the fast-sedimenting MCM complex may be the dimeric 14 species of CMG. 15 To further test this possibility, we then determined the composition of these CMG 16 complexes by mass spectrometry. The slow-sedimenting fractions (10-13) and 17 fast-sedimenting fractions (18) (19) (20) (21) were pooled separately prior to trypsin digestion. 18 Besides the essential initiation factors (Yeeles et al., 2015) , other replication 19 progression factors including the fork protection complex (Tof1-Mrc1-Csm3) required 20 for efficient DNA replication (Yeeles et al., 2015) , were also detected in both Moreover, the components identified in the slow-sedimenting complex correlate well 28 with previous systematic mass spectra of RPC and its associated factors (Gambus et 29 7 al., 2006) . Taken together, these data suggest that the MCM DH is initially assembled 1 into a dimeric form of CMG before transition into two monomeric active CMGs 2 associated with additional fork progression proteins.
3
Cdc45 and GINS are loaded in a dimerized form 4 Next, we asked how double CMGs are assembled in yeast cells. Given the fact that 5 each active CMG contains one Cdc45 and GINS, we speculated that there should be 6 two molecules of Cdc45 and GINS in a double CMG. To understand the mode of their 7 recruitment, we constructed a strain containing two copies of Cdc45 tagged with a 8 5FLAG and a 13MYC, respectively. First, Cdc45-5FLAG was precipitated from 9 whole cell extracts. Cdc45-13MYC was clearly detected in the precipitates, but not in 10 the mock IPs ( Figure 3A ). To examine whether intermolecular interaction of Cdc45 11 occurs in the context of chromatin, we next repeated FLAG-IPs in both non-CHR and 12 CHR fractions. Interestingly, Cdc45-13MYC co-precipitated with Cdc45-5FLAG in 13 both cases ( Figure 3B ). We further analyzed the Cdc45 complexes eluted from 14 FLAG-IPs by glycerol gradient centrifugation. In the non-CHR fraction, Cdc45 15 sedimented very slowly and peaked at the same fractions as aldolase (158 kDa), close 16 to the predicted molecular weight of a Cdc45 dimer (148 kDa). This indicates that Dpb2 to a similar range of density gradients as putative double CMGs shown in 20 Figure 2A ( Figure 3C ). Because the chromatin-bound (CHR) fraction was released as 21 a complex via benzonase, the isolated complexes represent protein-protein 22 interactions and not just indirect association through DNA. 23 Using a similar strategy, we were able to show that Psf2 also has intermolecular 24 interaction ( Figures 3D and 3E ) and exists as a dimer before being loaded onto 25 chromatin as well ( Figure 4A ). In contrast, MCM presents as a single hexamer before 26 being loaded onto chromatin. It is also worth noting that Ctf4 co-purified with GINS, 27 in agreement with the previous report that Ctf4 binds GINS directly (Gambus et al., 28 2009). Given the fact that Ctf4 is a trimeric hub (Simon et al., 2014 , Villa et al., 2016 , are not formed by Ctf4 (e.g., artificially during the purification). Taken together, these 5 data suggest that both Cdc45 and GINS are recruited onto the MCM DH as dimers, 6 which results in the initial assembly of d-CMGs on chromatin. Figure 5A ). The substrates disappeared in fractions 7-11 probably due to degradation 14 by nucleases, which are often associated with replisome. Then, the unlabeled version 15 of the same Y-form DNA substrate was used as a template to examine the in vitro 16 DNA synthesis activity. The products of replicated DNA were monitored by the 17 incorporation of α-32 P-dATP through autoradiography after separation on a denatured 18 polyacrylamide gel. As shown in Figure 5B , in the presence of all four NTPs and 19 dNTPs, fractions 11-17 were also able to catalyze the synthesis of the full-length 20 (85-mer) DNA, indicating an efficient synthesis activity. Both helicase and replication 21 activities peaked around fraction 15. It is worth emphasizing that no primers were 22 included in the reactions and the RNA-dependent extension of DNA Pol α is usually 23 limited to 10-12 nucleotides (Perera et al., 2013) . Therefore, the appearance of 85-mer 24 products containing α-32 P-dAMP should reflect at least three kinds of essential 25 activities including helicase, primase and polymerase in the DNA replication process.
26
These results are consistent with the presence of CMG, Pri1/2, DNA Pol α, and Pol ε 27 in these putative RPC fractions as revealed in mass spectra ( Figure 2B ). To exclude 28 the possibility that α-32 P-dAMP is incorporated by contaminating terminal 29 9 deoxynucleotidyl transferase (TdT) activity, we incubated TdT with the unlabeled 1 Y-shaped substrate in the presence of α-32 P-dATP. Products much longer than 85-mer 2 were detected ( Figure 5C , lane 6), which were very sensitive to single-stranded DNA 3 specific S1 nuclease (lanes 7 and 8). However, no products longer than 85-mer were 4 observed for the putative RPC fractions ( Figure 5C , lane 4). More importantly, 5 85-mer products can only be digested if they are boiled prior to S1 treatment ( Figure   6 5C, compare lanes 2 and 5). These results allow us to conclude that the products 7 replicated by the RPC fractions (fractions 11-17, Figure 5B ) are duplex DNA. In stark 8 contrast, there were neither unwound ( Figure 5A ) nor replicated DNA products 9 ( Figure 5B ) detectable in the fast-sedimenting fractions (19) (20) (21) (22) (23) . Taken together, these 10 results argue that the slow-sedimenting complexes are single active CMG/RPCs, 11 while the fast-sedimenting complexes may represent the immature d-CMGs. 13 To directly observe the dimeric form of CMG, we then examined the CMG complexes 14 from the fractions of gradient centrifugation using a transmission electron microscope 15 after negative staining with uranyl acetate. The majority of the CMG particles were 
12

D-CMGs display heterogeneous and rotated conformations
Ctf4-independent types of d-CMG 9
Given that Ctf4 is a trimeric hub directly associating with GINS, to exclude the 10 artifactual formation of oligomeric CMGs during purification, we next monitored Figure 4B . 15 These indicate that d-CMGs are bona fide supercomplexes coexisting with s-CMGs. 16 A preliminary 2D average nicely resolved densities for s-CMGs, whereas the CMGs 17 from the d-CMG particles from the ctf4Δ cells were mostly smeared out (Figures 7A). 18 A further examination indicates that there are multiple types of d-CMGs with different 19 interfaces mediated via MCM, Cdc45 or GINS for instance ( Figure 7B ). These results 20 imply that in our purified endogenous d-CMGs, the tight association between the two each other on opposite strands during initiation, providing an elegant fail-safe 16 mechanism to ensure complete bidirectional replication of origin DNA. Our data 17 supporting the assembly of a dimeric CMG by both Cdc45 and GINS dimers provides 18 an additional layer of quality-control at an even earlier stage (i.e., pre-initiation stage). 19 Cdc45 from other organisms has been observed to be able to form dimers in vitro Therefore, the dimeric CMG complexes captured in the in vitro reconstitution might 12 represent an initial state, whereas our d-CMGs represent later stages during 13 remodeling. It will be interesting to find out the exact underlying reasons for such 14 differences in the future. 15 According to the high resolution CMG structure obtained recently, Cdc45 and GINS Saccharomyces cerevisiae strains and plasmids used in this study are listed in Table   5 S1 and S2, respectively. 6 Cell synchronization, whole cell extract preparation and chromatin fractionation, 7 immunoprecipitation (IP) were performed as previously described (Quan et al., 2015) . 8 Glycerol density gradient centrifugation 9 The native protein complexes in the peptide eluates after FLAG-IPs were 10 concentrated and applied to the top of a 10-30% glycerol gradient in elution buffer 11 without protease inhibitors. The gradients were centrifuged in a P55ST2 swinging 12 bucket rotor (Hitachi ultracentrifuge) at 79,000g for 16 h using slow deceleration. were pooled and processed for mass spectrometry, in vitro helicase/replication and 18 single-particle EM analysis described below. 19 Helicase assays 20 The helicase activity was measured using a 5'- 32 1% SDS and 0.1% bromophenol blue). Products were then separated on a native 8% 1 polyacrylamide gel in 0.5 × TBE before autoradiography.
2
De novo DNA synthesis and S1 nuclease-resistant assays 3 The DNA synthesis activity of each fraction from glycerol gradient centrifugation was 4 measured using an unlabeled version of the Y-shaped DNA used in the helicase assays. 14 Reactions were conducted at 37°C for 60 min before being inactived at 75 °C for 20 15 min. 16 For S1 nuclease treatment, the synthesized products by the RPC fractions or TdT were 17 subjected to S1 nuclease digestion before analysis. S1 nuclease (final concentration 1 18 U/μl) was incubated at 25°C for 30 min with 50 μl synthesis reaction with or without 19 prior boiling treatment. The reactions were stopped by addition of 6 μl quench buffer 20 (200 mM EDTA and 0.1% bromophenol blue). All reaction products were separated 21 on a 20% polyacrylamide gel containing 8 M urea in 1 × TBE before autoradiography. 23 Proteins were precipitated with 25% trichloroacetic acid (TCA) for at least 30 minutes 24 on ice. The protein pellets were washed twice with 500 μl ice-cold acetone, air dried, 25 and then resuspended in 8 M urea, 20 mM methylamine, 100 mM Tris, pH 8.5. After Spectra were acquired in data-dependent mode: the top ten most intense precursor 14 ions from each full scan (resolution 70,000) were isolated for HCD MS2 (resolution 15 17,500; NCE 27) with a dynamic exclusion time of 30 s. The AGC targets for the 16 MS1 and MS2 scans were 3e6 and 1e5, respectively, and the maximum injection 17 times for MS1 and MS2 were both 60 ms. Precursors with 1+, more than 7+ or 18 unassigned charge states were excluded. 19 The MS data were searched against a Uniprot S. cerevisiae protein database Electron microscopy 6 The CMG complexes were isolated from the peak fractions from glycerol density 7 gradient centrifugation and concentrated by ultrafiltration. Negative staining of the 8 samples deposited on carbon-coated grids was conducted with 2% uranyl acetate.
22
MS sample preparation
9
Grids were examined using an FEI Tecnai F20 microscope operated at 200 kV, and 10 images were recorded at a nominal magnification of 50,000 × using a 4k × 4k 11 charge-coupled device (CCD) camera (UltraScan 4000, Gatan), resulting in a 1.7 Å 12 pixel size at the specimen level.
13
Image processing and atomic docking 14 EMAN2 was used for manual particle-picking and micrograph-screening (Tang et al., 15 2007). The 2D classification, 3D classification and 3D refinement were performed 16 using RELION1.4 (Scheres, 2012) . Artificial CMG dimers were generated by relating Table S1 . Strains used in this study. 1 
Strain
Genotype Source Strains (LL94-2 and LL6-1, Table S1 ) harboring a single tag (either CBP or 5FLAG) 10 on Mcm4 were applied as controls. consecutively in a similar procedure mentioned above. After wash for three times, the 16 proteins specifically associated with beads were eluted by 2 mg/ml of FLAG peptide 17 or boiled directly (for HA-IP) before western blotting. Table S1 ). Co-precipitated proteins were detected via immunoblots against the 8 indicated antibodies.
9
(C) Glycerol density gradient separation of the Cdc45-containing complexes. The 10 CDC45-5FLAG/pCDC45-13MYC cells were cultured at 30°C and released into S 11 phase for 40 min at 25°C after α-factor synchronization. Cells were then collected 12 and fractionated. The Cdc45-containing complexes were purified by subjecting the 13 Cdc45-FLAG eluates of non-CHR and CHR fractions onto a 10-30% glycerol density 14 gradient as described in Figure 2 .
15
(D, E) Pfs2-5FLAG was precipitated via M2 beads from WCE (D), non-CHR or CHR 16 (E) fractions of the PSF2-5FLAG/pPSF2-7MYC cells (LL67-1, Table S1 ). The 17 precipitates were subjected to immunoblotting. Cross bands are labeled by asterisks. were precipitated from non-CHR or CHR fractions and the eluates were then 23 subjected to glycerol density gradient separation. Each density fraction was analyzed 24 via immunoblots against the indicated antibodies. 25 (B) Dimerization of both GINS and CMG does not depend on Ctf4. The Psf2-5FLAG 26 complexes from a ctf4Δ background were isolated and analyzed as described above. 
